Background The overall goal of this study was to noninvasively monitor changes in blood flow of squamous cell carcinoma of the head and neck (SCCHN) xenografts using contrast-enhanced magnetic resonance (MR) and ultrasound (US) imaging. Methods Experimental studies were performed on mice bearing FaDu tumors and SCCHN xenografts derived from human surgical tissue. MR examinations were performed using gadofosveset trisodium at 4.7T. Change in T1-relaxation rate of tumors (DR1) and tumor enhancement parameters (amplitude, area under the curve-AUC) were measured at baseline and 24 h after treatment with a tumor-vascular disrupting agent (tumor-VDA), 5,6-dimethylxanthenone-4-acetic acid (DMXAA; ASA404) and correlated with tumor necrosis and treatment outcome. CE-US was performed using microbubbles (Vevo MicroMarker 
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Background The overall goal of this study was to noninvasively monitor changes in blood flow of squamous cell carcinoma of the head and neck (SCCHN) xenografts using contrast-enhanced magnetic resonance (MR) and ultrasound (US) imaging. Methods Experimental studies were performed on mice bearing FaDu tumors and SCCHN xenografts derived from human surgical tissue. MR examinations were performed using gadofosveset trisodium at 4.7T. Change in T1-relaxation rate of tumors (DR1) and tumor enhancement parameters (amplitude, area under the curve-AUC) were measured at baseline and 24 h after treatment with a tumor-vascular disrupting agent (tumor-VDA), 5,6-dimethylxanthenone-4-acetic acid (DMXAA; ASA404) and correlated with tumor necrosis and treatment outcome. CE-US was performed using microbubbles (Vevo MicroMarker Ò ) to assess the change in relative tumor blood volume following VDA treatment. Results A marked decrease (up to 68% of baseline) in T1-enhancement of FaDu tumors was observed 1 day after VDA therapy indicative of a reduction in blood flow. Early (24 h) vascular response of individual tumors to VDA therapy detected by MRI correlated with tumor necrosis and volume estimates at 10 days post treatment. VDA treatment also resulted in a significant reduction in AUC and amplitude of patient tumor-derived SCCHN xenografts. Consistent with MRI observations, CE-US revealed a significant reduction in tumor blood volume of patient tumor-derived SCCHN xenografts after VDA therapy. Treatment with VDA resulted in a significant tumor growth inhibition of patient tumor derived SCCHN xenografts. Conclusions These findings demonstrate that both CE-MRI and CE-US allow monitoring of early changes in vascular function following VDA therapy. The results also demonstrate, for the first time, potent vascular disruptive and antitumor activity of DMXAA against patient tumor-derived head and neck carcinoma xenografts.
Introduction
Squamous cell carcinomas are among the most common type of neoplasms of the upper aerodigestive tract in humans [1] . While squamous cell carcinomas of the head and neck (SCCHN) constitute a biologically diverse set of neoplasms, angiogenesis is an early and essential step in head and neck carcinogenesis [2, 3] . Tumor vascularity has a strong influence on disease progression and therapeutic response in SCCHN [4, 5] . As a result, several preclinical and clinical studies have examined and successfully demonstrated the potential of angiogenesis inhibitors (AIs) alone and in combination with chemotherapy against head and neck cancers [6] [7] [8] [9] . However, the therapeutic potential of tumor vascular disrupting agents (VDAs), a relatively new class of agents that cause disruption of existing tumor vasculature [10] , has not been extensively evaluated against SCCHN.
The development of AIs and VDAs has led to a renewed interest in the use of functional imaging methods to study tumor angiogenesis in both preclinical models and in patients enrolled in clinical trials [11, 12] . Ex vivo analytical techniques such as immunostaining of tissue sections and gene expression arrays provide useful molecular information relating to tumor vascular biology. However, their invasive nature precludes monitoring of temporal and spatial changes occurring within the tumor microenvironment. In contrast, imaging techniques such as magnetic resonance imaging (MRI), positron emission tomography (PET), computed tomography (CT) and ultrasound (US) provide opportunities for non-invasive, longitudinal assessment of tumor pathophysiology in experimental models and in patients. In addition to providing three-dimensional morphologic assessment of macroscopic tumor size/volume, imaging methods can provide quantitative estimates of parameters relating to tumor cellular and vascular function such as cell death/necrosis, blood flow and vascular permeability [11] [12] [13] [14] . One such imaging method that has been widely used to characterize tumor microvasculature in living subjects and to monitor changes in tumor vascular function following treatment is dynamic contrastenhanced MRI (DCE-MRI) [12] . Most DCE-MRI studies are based on serial imaging of changes in signal intensity within a given tissue of interest (tumor) before and after intravenous administration of a contrast-enhancing agent, typically containing gadolinium [11, 12] . Pharmacokinetic analysis of these dynamic datasets is then performed to relate the contrast agent distribution within the tissue to physiological parameters such blood flow, vascular surface area and vessel leakiness [11] [12] [13] .
In this study, we utilized dynamic contrast-enhanced MRI to study the microvascular characteristics of SCCHN xenografts established in immunodeficient mice. Studies were performed on nude/SCID mice bearing SCCHN xenografts obtained by transplantation of (a) FaDu, a poorly differentiated SCCHN cell line, and, (b) primary SCCHN xenografts derived from surgical specimens obtained from patients [15] . Dynamic contrast-enhanced MRI examinations were performed using the clinically approved gadolinium-based contrast agent, gadofosveset trisodium (Ablavar TM ; Vasovist). In addition to MRI, contrast-enhanced ultrasound (CE-US) [16] was employed to determine the effects of VDA therapy on patient tumorderived SCCHN xenografts. CE-US imaging was chosen as it offers a relatively inexpensive alternative to MRI and CT and can also provide quantitative estimates of blood perfusion [16, 17] . The overall goal of the study was to examine the potential of MRI and US for non-invasive monitoring of early changes in tumor blood flow following VDA therapy in vivo and to demonstrate the activity of VDA therapy against SCCHN. Tumor model system Studies were carried out using two different SCCHN xenografts, (1) FaDu-human hypopharyngeal squamous cell carcinomas established in athymic nude mice, and, (2) surgical SCCHN tissue implanted into SCID mice. All surgical procedures relating to tumor implantation were performed under sterile conditions, with animals anesthetized using the inhalational anesthetic, Isoflurane (3% in oxygen, Abbott Laboratories, IL), in a laminar flow hood. For establishment of FaDu tumors, approximately 1 9 10 6 cells of human FaDu squamous cell carcinoma were initially implanted subcutaneously into the flanks of donor mice. Upon reaching a volume of *500-1,000 mm 3 , animals were euthanized and tumors harvested and sectioned into 1-2 mm fragments for transplantation into recipient mice.
Materials and methods

Animals
Patient tumor-derived SCCHN xenografts were established by subcutaneous transplantation of small fragments of surgical tumor tissue using a trocar under aseptic conditions as described previously [15] . Tissue specimens were obtained from patients following written consent and under a research protocol approved by the Institutional Review Board and the research ethics committee. A triple antibiotic ointment (VWR International, West Chester, PA) was applied to the site of trocar entry to prevent any wound infection. All surgical procedures on mice were performed as outlined in protocols approved by the Institutional Animal Care and Use Committee (IACUC).
Magnetic resonance imaging MRI examinations were carried out in a 4.7 T/33-cm horizontal bore magnet (GE NMR Instruments, Fremont, CA) incorporating AVANCE digital electronics (Bruker Biospec with ParaVision 3.0.2; Bruker Medical Inc., Billerica, MA) and a removable gradient coil insert (G060, Bruker Medical Inc., Billerica, MA) generating maximum field strength of 950 mT/m and a custom-designed 35-mm RF transmitreceive coil. For in vivo imaging, tumor-bearing animals were anesthetized using Isoflurane (Abbott Laboratories, IL), induced at 3-3.5% in oxygen, and sustained 2-2.5% during imaging. The mice were secured in a form-fitted, MR compatible sled (Dazai Research Instruments, Toronto, Canada) equipped with temperature and respiratory monitoring sensors. The sled, along with a phantom containing 0.15 mM gadopentetate dimeglumine (Gd-DTPA; Magnevist, Berlex Laboratories, Wayne, NJ) was then positioned inside the scanner using a plastic carrier tube. Animal body temperature was maintained at 37°C during imaging using an air heater system (SA Instruments Inc., Stony Brook, NY), and automatic temperature feedback was initiated through thermocouples in the sled, in conjunction with computer software supplied with the heater.
Data acquisition consisted of localizer images, T2-weighted (T2W) and T1-weighted (T1W) spin echo (SE) images. Axial T2W images of the tumor were acquired with the following parameters: FOV = 3.20 9 3.20 cm, matrix (MTX) = 192 9 192, slice thickness = 1.00 mm, interslice distance = 1.25 mm, NEX = 2, TR = 2,793 ms, and TE eff = 15.0 ms. T1-mapping of tumors was performed using a saturation recovery fast spin echo (T1-FSE) sequence with the following parameters: FOV = 3.20 9 3.20 cm, MTX = 128 9 96, NEX = 1, slice thickness = 1.00 mm, number of slices = 5, interslice distance = 1.25 mm, RARE/Echoes = 8/8, TE eff = 25 ms and TR = 6,000, 3,000, 1,500, 750, 500, 360.34 ms. Single slice T1-mapping of blood (vena cava) was performed using a Fast Imaging with Steady-State Precession (True-FISP) sequence using the following parameters: FOV = 3.20 9 3.20 cm, MTX = 128 9 128, TR/TE eff = 3.0/1.5 ms, NEX = 1, slice thickness = 1.50 mm, TI = 40.0 ms, flip angle = 60°, number of frames = 100, number of segments = 16 [15] . The contrast enhanced MRI protocol consisted of three pairs of alternating T1-FSE and True-FISP scans to quantify T1-relaxation measurements of tumor and blood before contrast agent injection. Following completion of precontrast scans, gadofosveset (Ablavar; Lantheus Medical Imaging, N. Billerica, MA) was administered intravenously (0.1 mmol Gd/kg) through the lateral tail vein following which a second set of five alternating pairs of T1-FSE and True-FISP scans were acquired to quantify changes in T1-relaxation post-contrast out to *50 min post-injection.
Post processing and MR image analysis
Following image acquisition, raw image sets were transferred to a processing workstation and converted into Analyze TM format (AnalyzeDirect, version 7.0; Overland Park, KS). All post processing of imaging data was carried out in Analyze TM and MATLAB (Mathworks Inc, Natick, MA). For vascular response assessment studies, a region of interest (ROI) was traced around the entire tumor area on each tumor slice excluding the surrounding skin on T2 weighted images and saved as an object map. The object map was then transferred onto the T1-weighted images acquired with the same slice prescription. Signal intensities from ROIs were obtained and mean intensity within the ROIs was used for calculating the T1-relaxation at each TR time. The relaxation rate R1 and the maximal signal intensity S max were then obtained by non-linear fitting of the equation, using Matlab's curve-fitting toolbox (Matlab 6.5; Mathworks Inc., Natick, MA), following subtraction of background noise
where S TR is the signal intensity obtained at each TR time.
The change in R1 (DR1) values were calculated for the tumor and the blood (vena cava) by subtracting the mean precontrast R1 values from each post contrast R1 measurement. The time of intravenous administration of the contrast agent (gadofosveset) was designated as t = 0. Times of all post contrast scans were calculated from the time of contrast agent injection and used to report the change in R1 over time. The DR1 versus time curve was used to calculate area under the curve (AUC) and the maximum amplitude of enhancement defined as the maximum DR1 value obtained following contrast. R1 maps were calculated on a pixel-by-pixel basis in MATLAB and color lookup table was applied.
Ultrasound imaging
Ultrasound imaging was performed using the Vevo 2100 high-frequency ultrasound system (VisualSonics, Toronto, ON, Canada through a vaporizer. Mice were positioned on a heated platform (THM 150; Indus Instruments, Webster, TX) equipped with integrated temperature sensor and ECG electrodes for imaging. All four paws were secured onto the ECG pads and body temperature was kept between 34 and 37°C. A 27-gauge butterfly needle connected to a 12 cm catheter was inserted into a tail vein for intravenous administration of the contrast agent (Vevo MicroMarker Ò ; VisualSonics, Toronto, Canada). A depilatory cream (Nair, Church and Dwight Canada Corp., Mississauga, ON, Canada) was applied to the skin on the tumor and surrounding regions. An ultrasound acoustic gel (Aquasonic 100, Parker Laboratories Inc., Fairfield, New Jersey) was applied to facilitate ultrasound transmission from the transducer to the skin. A solid state transducer (MS-250SC) was placed on the tumor and held in position by a clamp mounted on the Vevo Rail System. This transducer has a center frequency of 18 MHz and an axial resolution of 75 lm at an elevation of 8 mm. Nonlinear Contrast Mode imaging was employed to detect the presence of Vevo MicroMarker Ò contrast agent (VisualSonics, Toronto, ON, Canada). The agent consists of phospholipid shell microbubbles filled with perflurobutane and nitrogen with a diameter ranging from 2.3 to 2.9-lm. A bolus injection of 50 ll (concentration of 2 9 10 9 microbubbles/ml) was delivered through the tail vein catheter. Nonlinear detection of the contrast signal was done in three dimensions by stepping the transducer through the volume of the tumor at a step-size of 0.152 mm. Acquisition parameters were kept constant at 4% power, 28 dB contrast gain, gate size of 6, high line density, and standard beam width. Tumor volume was determined by manually outlining the borders of the tumor in several images throughout the stack acquired in 3D scanning. The percent agent (PA) value was calculated using the Vevo 2100 3D software as the percentage of pixels within the tumor volume that have a nonlinear contrast overlay instead of a gray scale B-mode pixel. Baseline PA values were acquired before contrast agent delivery and compared to PA value after delivery, while the contrast agent circulates through the subcutaneous tumor. A differential PA value was calculated by subtracting the baseline PA from the post-injection PA; this value was used as a measure of relative blood volume [17] .
Histology and tumor response assessment FaDu tumors were harvested for histology following completion of imaging on day 10 post treatment. Sections were stained with Harris haematoxylin (Poly Scientific, Bay Shore, NY) as described previously [15] . Glass slides containing various tissue sections were scanned and digitized using the ScanScope XTsystem (Aperio Technologies, Vista, CA). Digitized images were then captured using the ImageScope software (Version 9.1; Aperio Technologies). Tumor response was evaluated by measuring the change in tumor volume following treatment. Tumor volume was calculated from caliper based measurements of tumor dimensions using the formula, V = (l 9 w 2 )/2, where llongest dimension of the tumor and w is the axis perpendicular to l.
Study design and statistical considerations
Three different experimental imaging studies were performed. (1) DCE-MRI with gadofosveset was performed in nude mice bearing FaDu tumor xenografts before and after VDA treatment (DMXAA; ASA404, 25 mg/kg, n = 4). (2) DCE-MRI of SCID mice bearing patient tumor-derived SCCHN xenografts was performed on untreated controls (n = 3) and animals treated with DMXAA (22 mg/kg, n = 4) 24 h after treatment. For therapeutic studies, tumorbearing mice were injected with the VDA DMXAA at a dose of 22 mg/kg (i.p.) and imaging performed before and 24 h after treatment. Tumor response to therapy was evaluated by measuring change in tumor volume between control (n = 6) and VDA-treated animals (n = 6). (3) Baseline US images were acquired on 7 animals bearing patient tumor-derived SCCHN xenografts before and after contrast (Vevo MicroMarker Ò ; VisualSonics, Toronto, Canada) agent administration. Data from one animal was discarded due to an experimental error. Four animals were then treated with the VDA DMXAA (25 mg/kg) and contrast-enhanced US imaging repeated at 24 h post treatment. Response of SCCHN xenografts to VDA therapy was monitored by measuring the change in tumor volume of controls (n = 6) and treated (n = 5) over a 30-day period following VDA treatment (25 mg/kg, once a week for 3 weeks). Longitudinal tumor growth data were analyzed by ANOVA for repeated measures. When each individual animal served as its own control, differences between baseline and 24 h post treatment time points were assessed using the paired two-tailed t test. Statistical analysis and graphical presentation of data was performed using GraphPad Prism (Version 5.00 for Windows, GraphPad Software, San Diego California USA, http://www. graphpad.com). Values are reported as mean ± standard error of the mean.
Results
DCE-MRI of FaDu SCCHN xenografts
We first examined the enhancement characteristics of untreated FaDu SCCHN xenografts using gadofosveset (MS-325; Ablavar TM ). Axial T2-weighted image and corresponding R1 maps of an untreated control FaDu tumor before (upper) and after (lower) gadofosveset injection is shown in Fig. 1 . As can be seen from the enlarged image of the ROI, marked contrast enhancement was detected within the tumor particularly in the tumor periphery following gadofosveset administration. We then examined the utility of gadofosveset-enhanced MRI to monitor changes in tumor vascularity following therapeutic intervention. For these studies, tumor-bearing animals were imaged before (day 0) and 24 h after treatment (day 1) with a tumor vascular disrupting agent, DMXAA. Tumor T1 measurements (R1 = 1/T1) were obtained before contrast (precontrast) and for approximately 50 min after contrast agent administration. Quantitative estimates of the change in R1 post contrast (DR1) were obtained and plotted as a function of minutes post injection of gadofosveset after normalization to DR1 of blood in the vena cava (Fig. 2a) . Following VDA therapy (d1), a marked reduction in enhancement (DR1) was seen compared to baseline pretreatment values (d0) indicative of tumor vascular disruption. Area under the gadolinium concentration curve (AUGC; Fig. 2b ) and amplitude (max. DR1; Fig. 2c ) were calculated on both days and analyzed for statistical significance. A significant reduction in AUGC and amplitude was observed on day 1 compared to day 0 values (P \ 0.05). The reduction in AUC and amplitude was consistently observed in all four treated tumors (tumor IDs A1-A4).
We then investigated if the early vascular response to VDA therapy detected by MRI correlated with the subsequent outcome of individual tumors. The panel of images shown in Fig. 3 represents post contrast R1 maps of two tumors (A1 and A2) on day 0 and day 1. Tumor A1 (76.5 mm 3 on day 0) showed *68% reduction in AUGC at 24 h post VDA therapy and was associated with marked tumor growth inhibition (18.9 mm 3 on day 10). Histologic examination of the tumor on day 10 showed extensive areas of necrosis with very few viable areas within the tumor. In contrast, tumor A2 (41.7 mm 3 on day 0) showed only *35% reduction in AUGC at 24 h compared to baseline values and was associated with tumor growth (373.7 mm 3 on day 10). Histologic sections of the tumor showed the presence of a viable proliferating tumor mass with minimal areas of necrosis. Histologic sections of all four treated tumors are shown in supplementary material (Supp figure S1 ).
Gadofosveset-enhanced MRI of patient tumor-derived SCCHN xenografts
Next, we investigated the vascular disruptive activity of DMXAA against patient tumor-derived SCCHN xenografts using gadofosveset-enhanced MRI. Figure 4a shows calculated R1 maps of a control and VDA treated SCCHN xenograft before (preGd) and after gadofosveset (postGd) administration. Two contiguous slices showing kidneys (slice 1, dotted outline) and tumors (arrow) are shown. A marked increase in contrast agent accumulation was visualized on the post contrast R1 maps of control animals. In comparison, DMXAA-treated tumors showed minimal enhancement in contrast following gadofosveset injection.
To account for potential differences in contrast agent injection between the two cohorts, DR1 values of the tumor were normalized to blood and used to calculated AUGC and amplitude values. A significant reduction in AUGC (P \ 0.05, Fig. 4b ) and amplitude (P \ 0.01, Fig. 4c ) was observed 24 h after VDA therapy compared to untreated controls. Treatment with a single injection of the tumor-VDA resulted in moderate tumor growth inhibition of patient tumor-derived SCCHN xenografts over a 25 day period (Fig. 4d) .
Contrast-enhanced US imaging of patient tumor-derived SCCHN xenografts
Finally, we examined the antivascular activity DMXAA on patient tumor-derived SCCHN xenografts using contrastenhanced ultrasound with non-targeted microbubbles (Vevo MicroMarker Ò ). Increase in the non linear contrast mode signal was used as an estimate of overall tumor vascularity. The panel of images shown in Fig. 5 represent images of non linear contrast mode signal (copper overlay) of a control SCCHN xenograft before and after administration of microbubbles. Following administration of the microbubbles, *50% increase in non linear contrast model signal ( Fig. 5b ; PA = 76.63%) was seen within the tumor compared to precontrast estimates ( Fig. 5a ; PA = 26.62%). Corresponding 3D volume generated for the tumor is shown in Fig. 5c (119 mm 3 ). Figure 6a shows B-mode and contrast-mode images of a SCCHN xenograft before and after microbubble injection on day 0 (pretreatment) and day 1 (24 h post therapy). Contrast mode images of the tumor showed a reduction in enhancement following treatment compared to pretreatment images (Fig. 6a) . Non-linear signal enhancement following contrast was used as a measure of the relative blood volume (rBV) of tumors (Fig. 6b) . rBV values of control SCCHN xenografts were 48.11 ± 1.4% (n = 6). Twenty four hours after VDA therapy, a significant reduction (P \ 0.01) in rBV was observed (23.98 ± 6.7%, n = 4). Administration of the VDA (25 mg/kg, once a week 9 3) resulted in a marked inhibition of SCCHN tumors and a delay in tumor regrowth in vivo as can be seen from the tumor growth curves over a 60 day period ( Fig. 6c ; P \ 0.001).
Discussion
The awareness of angiogenesis as one of the hallmarks of cancer has resulted in the development of a number of therapies targeted towards tumor vasculature [18, 19] . This has also led to a renewed interest in developing noninvasive imaging methods to study tumor angiogenesis in living subjects. Radiologic methods that have traditionally been viewed as a diagnostic tools for visualization of anatomy, have now become integral tools in oncology that enable functional molecular imaging of tumors. In the present study, two such radiologic methods, CE-MRI and CE-US, were utilized to characterize the microvascular characteristics and therapeutic response of SCCHN xenografts.
MRI offers superior contrast for accurate delineation of soft tissues including tumors, cysts and inflammatory lesions in the head and neck region [20] . In clinical oncology, DCE-MRI techniques have been widely used for studying tumor angiogenesis and hypoxia of human tumors [21, 22] . Patterns of signal enhancement and spatial heterogeneities observed following administration of MR contrast-enhancing agents have been used to identify invasive or actively proliferating regions in tumors [23] . DCE-MRI has also been used to classify nodal metastasis and bone invasion in head and neck cancer patients [24, 25] . Changes in blood volume detected by DCE-MRI have also been used to predict treatment outcome in head and neck cancer [26] . The objective of the present study was to determine if DCE-MRI using clinically approved gadolinium-based contrast agents could be used to detect the microvascular response of SCCHN xenografts to VDA therapy. Enhancement patterns of untreated FaDu xenografts were visualized and quantified after injection of gadofosveset. In untreated control FaDu xenografts, gadofosveset administration resulted in a higher and prolonged tumor enhancement compared to gadopentetate (supplementary figure S2 ). This is consistent with a previous observation by Farace et al. [27] , in which higher enhancement was observed in prostate tumors with gadofosveset compared to gadopentetate.
Malignancies of the upper aerodigestive tract often result in significant functional morbidities in patients. These co-morbidities associated with head and neck cancers highlight the need for developing targeted therapies that could potentially increase the therapeutic response without increasing toxicity [28] . In humans, SCCHN are often well vascularized tumors and as a result, there has been active investigation into the therapeutic potential of targeting the angiogenic process in SCCHN [2] [3] [4] [6] [7] [8] [9] . However, a majority of these studies have utilized monoclonal antibodies or receptor tyrosine kinase inhibitors for inhibiting angiogenesis. Only a few studies have examined the potential of vascular disrupting agents against head and neck cancers [29] [30] [31] . Although both AIs and VDAs target the tumor vasculature, fundamental differences exist between the two approaches [10, 32, 33] . While AIs typically target mediators of angiogenesis (vascular endothelial growth factor, platelet derived growth factor etc.), VDAs target the endothelium either directly or through induction of vasoactive mediators [32, 33] . VDAs induce structural damage to the endothelial cytoskeleton which in turn leads to catastrophic vascular disruption. In contrast to antiangiogenic agents which often require chronic administration for sustained inhibition of angiogenesis, VDAs result in acute changes in permeability leading to thrombosis and cessation of blood flow [30, 34, 35] .
In the present study, we examined the ability of DCE-MRI using gadofosveset to detect changes in tumor vascular function of SCCHN xenografts following VDA therapy. Tumor-bearing animals were imaged before and 24 h after treatment with a tumor vascular disrupting agent, DMXAA [36] . Gadofosveset-enhanced MRI was sensitive in detecting treatment-induced changes in vascular function. A significant reduction in contrast enhancement was seen following VDA treatment compared to baseline measures indicative of treatment-induced reduction in blood flow. We also observed a good correlation between the early vascular response to therapy (at 24 h) with subsequent treatment outcome (d10 tumor response).
Gadopentetate is widely used as a contrast agent for DCE-MRI studies in patients. However, it is limited in its performance due to rapid clearance from the blood. While measurement of enhancement parameters (AUC, amplitude etc.) is simple, interpretation of changes in these parameters in the context of underlying physiological changes is complex since they do not distinguish between changes in permeability and perfusion [11, 12, 23] . Clinical trials of antivascular agents using DCE-MRI studies carried out using Gd-DTPA have revealed encouraging results [37, 38] . However, interpretation of DCE-MRI data is complicated by the fact that VDAs exhibit significant effects on perfusion and permeability of tumors [37] [38] [39] . Since microvascular permeability is influenced by the physical characteristics of the solute, preclinical studies have suggested that the use of intermediate or large molecular weight (blood pool) contrast agents are likely to provide accurate estimates of changes in blood volume and permeability [40, 41] .
The gadolinium-based contrast agent, gadofosveset (Ablavar), is FDA-approved for clinical use for MR angiography (MRA) applications and has been shown to have a higher relaxivity than Gd-DTPA [27, 42] . While the agent is comparable in molecular weight to Gd-DTPA, the agent reversibly binds to serum albumin acting as a blood pool agent. The kinetics of the unbound form is similar to Gd-DTPA. In the present study, differentiation of pharmacokinetics of the unbound and bound forms of Ablavar was not performed. Instead, the change in longitudinal relaxation rate of tumors was used as a quantitative measure of contrast agent concentration. Turetschek et al. [43] , have previously reported poor correlation between enhancement parameters and histological tumor grade and microvessel counts in breast tumors. However, in our study, a significant reduction in enhancement parameters, AUC and amplitude, was seen following VDA therapy in SCCHN xenografts.
Finally, CE-US was used to monitor and quantify tumor response to VDA therapy. US imaging offers a relatively inexpensive alternative to advanced imaging techniques such as MRI and CT for non-invasive imaging of tumor growth and vascular function [16, 17] . The use of microbubbles which typically range in the order of a few microns considerably enhances the image contrast and diagnostic utility of US [17] . These microbubbles enhance the acoustic signal of blood thereby enabling non-invasive assessment of tissue perfusion in tissues of interest including tumors. Studies have previously shown the utility of CE-US in determining tumor response to antiangiogenic and antivascular therapy [44, 45] . The results of our study demonstrate that contrast-enhanced microultrasound using non-targeted microbubbles can successfully detect early vascular changes in the tumor following VDA therapy in SCCHN xenografts.
In conclusion, the results of our study provide in vivo evidence of the vascular disruptive effects of DMXAA against human SCCHN xenografts. The findings of our study demonstrate the both CE-MRI and CE-US parameters are sensitive in detecting early functional alterations in tumors following VDA therapy in vivo. While the activity of the VDA DMXAA has been demonstrated in a number of experimental solid tumor models, to the best of our knowledge, this is the first report demonstrating potent vascular disruption with VDA in SCCHN xenografts derived from surgical human tumor tissue.
In today's era of molecular medicine, imaging techniques play a significant role as investigative tools, particularly in early phase clinical trials for the assessment of targeted anticancer therapeutics. Imaging-based assessment of changes in CE-MRI and CE-US parameters could therefore potentially guide the scheduling and interval of administration of VDA and cytotoxic chemotherapy [46] . The true clinical application of vascular-targeted therapies lies in combination with traditional therapies such as chemotherapy and radiation. So, a study investigating the activity of VDA in combination with chemotherapy would provide useful insight into the optimal timing of vascular function assessment in patients.
